Pure titanium matrix composite reinforced with carbon nanotubes (CNTs) was prepared by spark plasma sintering and hot extrusion via powder metallurgy process.
Introduction
Since the official report of carbon nanotubes (CNTs) by Iijima in 1991 [1] , they have been expected to be a promising reinforcement in composite materials processing because they remarkably show superior mechanical properties such as high Young's modulus of about 1TPa and tensile strength of about 20 GPa [2] [3] [4] . Recently, CNTs have been widely used as reinforcing materials for metal matrix composites (MMCs). The previous studies indicated the remarkable characteristics of MMCs reinforced with CNTs, such as aluminium [5] [6] [7] , magnesium [8] [9] [10] , copper [11] [12] and titanium [13] [14] [15] [16] . Ti and its alloys are also interested as competitive matrix materials because they exhibit high specific strength which is an important factor for weight reduction of the airplane and automotive applications from the viewpoint of energy consumption. The previous work [14] has demonstrated a successful improvement of tensile properties at room temperature of the commercially pure Ti reinforced with CNTs via wet processing in powder metallurgy route. However, the improvement of mechanical properties of commercially pure Ti at elevated temperature is also important because some applications need to use or exposure to high temperature such as exhaust system of airplanes, automotives and power plants [17] [18] . Xue et al. [16] have reported good compressive properties of Ti/CNTs composite materials at 873 K. However, the tensile properties and hardness of those Ti/CNTs composite materials at elevated temperature have not been studied. In the present study, the commercially pure titanium matrix reinforced with TiC particles and CNTs were prepared by wet processing, and consolidated by spark plasma sintering and hot extrusion as wrought composites. The effect of dispersoids in the Ti matrix on microstructures of the composites at elevated temperature was investigated. Finally, the tensile properties and hardness of extruded Ti/TiCs composites were evaluated at elevated temperature The pure Ti powders grade 2 with the purity of 95% were used as starting materials. The mean particles size of pure Ti powders is 30 μm. The chemical compositions of the pure Ti powders are listed in Table 1 . Carbon nanotubes (CNTs) made by Bayer MaterialScience with an average diameter of 20 nm and 1~ 10 μm in length were used as the reinforcing materials in the present study. Typical linear zwitterionic surfactant solutions containing the CNTs concentration of 1.0, 2.0 and 3.0wt.% were prepared. The pure Ti powders were coated by the different concentration of the aqueous CNT/zwitterionic solutions and subsequently dried in an oven at 373 K for 10.8 ks. The solid zwitterionic substances were solidified as thin film solids and existed on the Ti surface during drying process. Those thin film solids needed to be eliminated before consolidation because they were changed to gases at temperature of above 773 K [14] , resulting in pore defects in the consolidated bulk materials. The coated Ti powders were heated again in a horizontal tube furnace at 873 K for 3.6 ks under a protective Ar gas. The image of CNT coated Ti particle is shown in Fig. 1 . The Ti powders coated with CNTs were consolidated by SPS (Syntech Co. SPS-103S) process at 1073 K for 1.8 ks under vacuum (<4Pa). The applied pressure during SPS process was constantly kept at 30
MPa. The sintered Ti billet was then heated to 1273 K for 180 s under an Ar atmosphere, and immediately underwent to a hot extrusion process. The extrusion ratio, speed, mold and die temperature were 37, 3.0 mm/s and 673 K, respectively.
To reduce the residue stress during processing, the extruded Ti composites were annealed at the low temperature of 473 K for 360 ks. The microstructure and phase characterization of extruded Ti composites were investigated by optical microscopy, a scanning electron microscope (SEM, JEOL: JSM-6500F) and X-ray diffractometer (XRD, Shimadzu: XRD-6100). The Cohen's method of least square analysis [19] was used to estimate the change of lattice parameter, a and c axes, of the extruded Ti composite materials. Moreover, the amount of in-situ formed TiC dispersoids was also estimated by comparing the peak intensity ratio of TiC/Ti in the XRD results with a TiC calibration curve. The internal standard technique [19] was used to prepare the TiC calibration curve by plotting the ratio of maximum intensity of TiC/Ti peaks in XRD result against the known concentration of TiC particles in the Ti powders. The extruded Ti composites after the annealing process were machined into tensile specimen bars of 3.0 mm in diameter and 20 mm in gauge length. The tensile properties at room temperature were evaluated using universal test machine (Autograph AG-X 50kN, Shimadzu) under a strain rate of 5 × 10 -4 s -1 Hardness at room temperature was also measured by a micro-Vickers hardness tester (Shimadzu: HMV-2T). In addition, the tensile properties at elevated temperature were evaluated using a horizontal high temperature tensile testing machine (Yonekura:
CATY-T3H-KD 5KN) at 473, 573 and 673 K, respectively, under the same strain rate as mentioned above. Hardness at elevated temperatures was also evaluated by the same hardness tester which was attached to homemade heating equipment. The holding time at the given temperature before measurement of both tensile and hardness test was 300 s. The calculation of precise lattice parameters, a and c, of Ti using the Cohen's least squares method [19] indicated that the carbon atom originating from CNTs and/or in-situ formed TiC dispersoids can be dissolved into Ti matrix, resulting in expansion of Ti lattice parameters. The amount of dissolved carbon atom can be further estimated by comparing the Ti lattice expansion results with the master plot which was reported by H.
Results and discussion
Conrad [21] . The calculation of Ti lattice parameters and the estimation results of the TiC dispersoid amount, dissolved carbon atom and the carbon content analysis are summarized in Table 3 . It should be note that the maximum equilibrium solubility of carbon in α-Ti from is 0.4 wt.% [22] The tensile test results at room temperature and elevated temperature of extruded Ti/TiCs composites after annealing at 473 K for 3.6 ks are shown in Fig. 4 . The improvement of mechanical properties, in particular yield stress, of the composites at room temperature can be considered that due to the effect of grain size, solid solution of carbon and TiC second phase including the remained CNTs [10, 14] . The strengthening mechanism due to grain size effect was estimated by Hall-Petch relationship [23] [24] using the material constants in Ref. [24] . The values of  0 and k constants are 172.5 MPa and 18 MPa mm, respectively, at room temperature. Unfortunately, due to the lack of information of k constants for elevated temperatures, the estimation steps were started by comparing the yield stress in this study and the previous results [25] to obtain k constants, and then the rest constant will be obtained. [24] at room temperature. This can be implied that the strain hardening effect due to grain size is strongly dominated the yield stress of extruded pure Ti during tensile testing until 473 K. After 473 K, the k constant is obviously decreased because of the increasing effect of recovery process in accordance with the previous reports [25] . The effect of carbon solid solution can be estimated by comparing the amount of dissolved carbon atom in this study with a plot of the dependence of carbon solute atom on the incremental yield stress in the previous study [21] . The strengthening mechanisms of each effect are summarized in Table 4 . As the results of strengthening estimation, the increase of yield stress of the extruded Ti/TiCs composites are mainly due to the dispersion strengthening mechanism of the second phases (TiC particles and the remained CNTs) and the grain size effect, while the carbon solid solution shows a very small effect on the increase of yield stress. The effects of oxygen and nitrogen [21, 26] are also taken into account in the same effect as well as carbon. However, the previous study [27] suggested that the oxygen and nitrogen contents in the composite, which was consolidated using the same materials and conditions with this study, are very small and close to the starting content in the raw powders. Therefore, the effect of oxygen and extruded Ti/TiCs shows the lower percentage than that of extruded pure Ti material in every tested temperature. This is due to the fact that in-situ TiC dispersoid is a hard intermetallic phase which is never plastically deformed at elevated temperature of 673 K.
As a result, the extruded Ti composite using 3.0wt.%CNTs/zwitterionic solution revealed the lowest elongation in all of the extruded Ti composite materials. The dependence of micro hardness on testing temperatures of the composites is shown in Fig. 7 . The results indicate the decreasing tendency upon exposure at elevated temperature, and can be explained by the softening mechanism [32] . Dislocation and other defects of the composites are annihilated by the recovery process, resulting in decrease of the hardness of material. The rate of recovery is strongly dependent on temperature. Therefore, the micro hardness measurements of all samples at 573 K yield the lowest hardness value, compared to the other temperatures. The increase of TiC particles dispersed in the Ti matrix also helps to increase the resistance to the applied pressure during hardness test.
Consequently, the extruded Ti composite by using 3.0 wt.% CNTs/zwitterionic solution can maintain higher hardness than those of 1.0 and 2.0 wt.% CNTs/zwitterionic samples, respectively.
In order to confirm the pinning effect of TiC dispersoids, the Ti composites were annealed at the higher temperatures of 573, 673 for 36 ks and 673 K for 360 ks. The evolution of microstructures is shown in Fig. 8 . The microstructure of the extruded pure Ti material shows the increase of grain size when the annealing temperature is increased from 573 to 673 K, as shown in Fig. 8 (a) and (b) . On the other hand, the grain size measurement results of the composite materials show very small increase of Ti grain size as shown in successive Fig. 8 (d)-(l) . The small increase of Ti grain size can confirm the pinning effect of TiC dispersoids which help to suppress Ti grain growth during the annealing process. The annealing at 673 K for 360 ks also shows very small changes in Ti grain size in the case of extruded Ti/TiCs composites. In contrast, the extruded pure Ti material shows the decrease in grain size, as shown in Fig. 8 (c) , because the recrystallization process occurs during long time annealing process according to the previous reports [20] . The presence of TiC dispersoids also retards the recrystallization of new grains when the long time annealing because the TiC pinning pressure is higher than driving pressure for recrystallization nucleation of new grain. Therefore, the recrystallization may never occurs in the case of the composites which are annealed at 673 for 360 ks as shown in Fig. 8 (f) , (i) and (l), respectively. High magnification images of extruded Ti/TiCs composites have also confirmed the unchanged Ti grain size after annealing at 673 K for 360 ks as shown in Fig. 9 . The microstructural stability of the composites after annealing at different temperatures and times can be used to confirm the pinning effect due to TiC dispersoids which help to maintain the Ti grain size invariably during tensile testing at elevated temperatures.
Conclusions
1) The annealing process at 473 K for 360 ks significantly affected to the increase of grain size of extruded pure Ti material with no CNT.
2) the grain size of extruded Ti/TiCs composites never affected because the pinning effect of TiC dispersoids retarded the grain coarsening and stabilized the primary Ti grain size.
3) Mechanical properties at the elevated temperature of the composite materials indicated the decreasing tendency of tensile strength, yield strength and hardness.
4) The presence of TiC dispersoids in the Ti matrix effectively sustained the recovery process, resulting in maintaining stability of strength and hardness of the Ti composites during the elevated temperature. Tables   Table 1 Chemical compositions of the pure Ti powders (wt.%) 
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